Sulfate transport capacity was not regulated by cysteine, methionine, or glutathione in Pseudomonas halodurans, but growth on sulfate or thiosulfate suppressed transport. Subsequent sulfur starvation of cultures grown on all sulfur sources except glutathione stimulated uptake. Only methionine failed to regulate sulfate transport in Alteromonas luteo-violaceus, and sulfur starvation of all cultures enhanced transport capacity. During sulfur starvation of sulfate-grown cultures of both bacteria, the increase in transport capacity was mirrored by a decrease in the low-molecular-weight organic sulfur pool. Little metabolism of endogenous inorganic sulfate occurred. Cysteine was probably the major regulatory compound in A. luteo-violaceus, but an intermediate in sulfate reduction, between sulfate and cysteine, controlled sulfate transport in P. halodurans. Kinetic characteristics of sulfate transport in the marine bacteria were similar to those of previously reported nonmarine systems in spite of significant regulatory differences. Sulfate and thiosulfate uptake in P. halodurans responded identically to inhibitors, were coordinately regulated by growth on various sulfur compounds and sulfur starvation, and were mutually competitive inhibitors of transport, suggesting that they were transported by the same mechanism. The affinity of P. halodurans for thiosulfate was much greater than for sulfate.
Sulfate transport systems of bacteria isolated from marine environments have not been characterized. Since seawater contains over 25 mM sulfate and this saturating concentration has existed for geological time, sulfate transport may be regulated in a different manner in marine bacteria than in terrestrial microorganisms, which experience low and variable environmental sulfate concentrations. Study of the sulfate uptake systems of marine bacteria may therefore reveal features relevant to the understanding of adaptation by microorganisms to the much more dilute terrestrial and freshwater environments. Sulfate is never a limiting nutrient in marine ecosystems, so it is likely that sulfate transport and metabolism are tightly coupled to growth, and mechanisms of transport regulation may be interpretable in terms of intracellular sulfate reduction and metabolism.
Possible regulatory mechanisms for sulfate transport have been suggested through the use of organic sulfur compounds as sole sources of t Contribution no. 4780 of the Woods Hole Oceanographic Institution.
: Present address: National Oceanographic and Atmospheric Administration, Atlantic Oceanographic and Meteorological Laboratory, Miami, Fl, 33149. sulfur for growth of microorganisms. Media containing good sulfur sources (e.g., sulfate, cysteine, methionine, and glutathione) produce cultures with a low initial capacity for sulfate uptake (2, 7, 25, 28, 36) , but transport rates can be increased substantially by subsequent sulfur starvation (2, 15, 31) or by growth on poor sulfur sources such as djenkolic acid (7, 36) . These observations have been interpreted to indicate derepression of permease synthesis resulting from decreased intracellular pools of sulfate or a product of its metabolism which exerts transcriptional control on transport enzyme synthesis. The synthesis of the sulfate-binding protein of Salmonella typhimurium during growth on djenkolic acid has been directly demonstrated (22) .
will aid in the determination of the fate of this compound near anoxic sediments and water masses. Furthermore This paper presents evidence for the coincident regulation of sulfate and thiosulfate transport in a marine bacterium, Pseudomonas halodurans, which is consistent with genetic and nutritional studies of Salmonella typhimurium (18) and Chlorella pyrenoidosa (11) . However, enhancement of transport capacity by growth with cysteine, methionine, and glutathione was in strict contrast to previously reported systems. A second marine isolate, Alteromonas luteo-uiolaceus, also demonstrated uptake stimulation by methionine, but in other respects of regulation was significantly different from the pseudomonad. The observed regulatory features of these bacteria are considered in relation to the environmental conditions experienced in their natural habitat.
MATERIALS AND METHODS
Organisms and culture conditions. P. halodurans was obtained from Galen E. Jones, University of New Hampshire, Durham. A. luteo-violaceus was isolated over the Puerto Rico Trench from a seawater toilet on R/V Oceanus cruise no. 40 (May, 1978) by aerobic enrichment and streaking on seawater medium containing sodium glutamate. It was identified on the basis of its characteristic violet pigment, narrow nutritional capability, and DNA base composition (44 mol% guanine plus cytosine) (9) . The organisms were grown in an artificial seawater medium similar to the sulfate-free modification of the Lyman and Fleming formulation (20) . However, sulfate contamination from reagent-grade NaCl was sufficient to permit growth of A. luteo-violaceus without added sulfate (background concentration, 6.0MM). The problem was inexpensively overcome through neutralization of NaOH, which is routinely available at one-tenth the sulfate contamination of NaCl. The resulting relatively low-contamination (ca. Uptake studies were performed with cultures grown in complete medium containing 1 mM sodium sulfate. Cells were harvested by centrifugation (5,000 x g, 10 min) in the late exponential phase of growth (1 x 108 to 3 x 108/ml), washed once with basal salts medium, and suspended to the same density in complete medium minus sulfur. Cultures were starved for 2 h before the assay of transport activity as described below. For derepression experiments, 1,500 ml of complete medium minus sulfur was inoculated at low density (ca. 104 cells per ml) and shaken for 10 min to evenly distribute the cells. Samples of 100 ml were aseptically transferred to sterile flasks and supplemented with filter-sterilized solutions of Na2SO4, Na2S203, L-CYSteine-hydrochloride (neutralized just before use), DLmethionine, or reduced glutathione at a final sulfur concentration of 500 MM (i.e., 250 MM Na2S203). Lateexponential-phase cultures were treated as described above.
Sulfate uptake assay. Transport activity was assayed as follows: 9.8 ml of the cell suspension was added to tubes containing 0.1 ml of the inhibitor or appropriate solvent and 0.1 ml of 35S-labeled sulfate or thiosulfate. Carrier-free sulfate (final activity, 1 to 2 MLCi/ml) was supplemented with sterile solutions of Na2SO4 to achieve the desired final concentration (11.5 to 201.5 MM, including background sulfate). Thiosulfate (sulfane S tagged) was used at concentrations of 2.5 to 25 MM (specific activity, 10 to 30 dpm/pmol). The mixture was blended thoroughly on a Vortex mixer, and 1-ml subsamples were withdrawn at 60-s intervals for 5 min into tubes containing 0. (16) . We constructed a punch funnel (Fig. 1 ) which serves to excise only the cell-retaining portion of the filter. Use of the punch funnel reduced adsorption blanks by over 10-fold, which increased the precision of the assays significantly at low uptake rates.
Other methods. Direct cell counts were made using acridine orange epifluorescence microscopy (5). Cell viability was determined by plating dilutions of the culture on complete medium containing 15 purchased from Bio-Rad Laboratories (Richmond, Calif.). All other chemicals were reagent grade. Special precautions were taken to obtain components of RLCwater with the lowest possible sulfate contamination.
RESULTS
Cultures of P. halodurans grown with 1 mM sulfate as the sole sulfur source exhibited low initial rates of sulfate and thiosulfate uptake which could be enhanced by sulfur starvation (Fig. 2) . The rapid increase in transport capacity during the first 2 h of sulfur starvation was mirrored by a decrease in LMW organic sulfur compounds (Fig. 3 ), but little metabolism of endogenous inorganic sulfate occurred. After 2 h of constant transport activity, a slow increase in uptake rate was accompanied by a linear increase in cell numbers (Fig. 2 ) and a similarly slow utilization of LMW organic sulfur compounds ( 1LM sulfate (a concentration nearing sulfate-limited growth for this bacterium), no increase in cell numbers occurred (data not shown). This indicated that the utilization of endogenous sulfur-containing compounds, rather than the uptake of contaminating sulfate from the medium, was responsible for the cell division shown in Fig. 2 .
The low initial rate of sulfate uptake and its enhancement by sulfur starvation as described above were also found for A. luteo-violaceus (Fig. 4) . This organism did not take up thiosulfate at rates sufficient for assay (4a) . As with P. halodurans, sulfur starvation resulted in a rapid depletion of the LMW organic sulfur pool (Fig.  5) which was virtually the mirror image of the transport activity time course. However, a different response to prolonged sulfur starvation was manifest in the absence of a plateau and further increase of transport capacity. After 2 h of sulfur starvation the uptake rate began to decrease, accompanied by a loss of cell viability which decreased to 16% of the initial value after 4 h. Viability estimates were complicated by growth of the cells into tangled filaments, as evidenced by the increase in optical density in Fig. 4 , but the ultimate decrease in direct counts due to autolysis of this organism (9, 10) supported the lower plating efficiency. Transport activity and apparent viability began to decline as the LMW organic sulfur pool reached the minimum size shown in Fig. 5 .
The correlation of transport activity with disappearance of LMW organic sulfur from soluble pools suggested that one or more organic sulfur compounds may repress synthesis of transport proteins. Therefore the transport capacity of In contrast to previously studied sulfate transport systems (7, 21, 36) , growth on all organic sulfur sources stimulated both sulfate and thiosulfate uptake effectively. Uptake rates before sulfur starvation were highest in cultures grown on methionine and glutathione, with transport capacity greater than that observed for sulfateand thiosulfate-grown cells which had been starved for sulfur for 8 h. However, the characteristically low initial uptake rates for both sulfate and thiosulfate by sulfate-grown cells (Fig.  2 (32) .
A variety of active transport inhibitors decreased sulfate uptake rates in both marine bacteria (Table 3) . Sulfate and thiosulfate uptake by P. halodurans were affected identically.
Also consistent with previous studies was the effect of group VI oxyanions on sulfate transport. concentrations of inhibitors were required. This is consistent with the more than 10-fold higher affinity of the transport system for thiosulfate relative to sulfate.
A more subtle regulatory feature was discov- halodurans it was found that the sulfate uptake rate ceased to increase in proportion to added sulfate above 250 (uM S042. Indeed, at 1 mM S04 2 the observed rate was only 12% higher than at 250 1iM and only 62% of the rate expected from extrapolation of the 1/L versus 1/S plot used to derive the kinetic constants in Table 4 . Uptake was linear with time at all concentrations. As previously mentioned, 250 MM S042-borders on sulfate-limited growth in this organism. Although the V,,,ax calculated for sulfate uptake would permit uptake in excess of growth requirements, the observed maximum rate was just sufflcient to meet cellular demands based on the sulfur quota derived from equilibrium labeling studies (R. L. Cuhel, C. D. Taylor, and H. W. Jannasch, Arch. Microbiol., in press).
A close coupling between growth requirements for sulfur and sulfate uptake is achieved through a different mechanism in A. luteo-z0io-laceus. Initial sulfate uptake rates increased with added sulfate throughout the range of concentrations tested and were within experimental error of the values predicted from a simple hyperbolic relationship. However, at higher concentrations the initial uptake range was maintained for only a short period (Fig. 6) , until 500 to 600 pmol of S042-was taken up per 108 cells.
This phenomenon was observed whenever initial uptake rates (based on the first 1 to 2 min) were greater than 60 pmol of So42-per 10' cells per min regardless of the sulfate concentration, as in the methionine-grown cells in Table 2 after 1 and 2 h of sulfur starvation.
Nonlinear uptake of the type shown in Fig. 6 suggests feedback inhibition of uptake by end products of sulfate metabolism, since the reduction in transport rate is too rapid to be attributable to repression of permease synthesis and subsequent turnover of existing proteins. This was supported by inhibition of sulfate uptake by organic sulfur compounds. When assayed at 100 MM added sulfate, 1 mM methionine had little or no detectable effect, whereas cysteine and glutathione strongly inhibited sulfate uptake (100 and 85%, respectively). A. luteo-violaceus is insensitive to the sulfhydryl reagent parahydroxymercuribenzoate with respect to sulfate uptake (4a), so it is not likely that these compounds inhibited transport through binding of cysteine sulfhydryl groups to the active site of the transport protein. It is more likely that the inhibition was a rapid response to an increase in organic sulfur pool size. Additionally, in the presence of glutathione the sulfate uptake rate decreased continuously during the 5-min transport assay, suggesting metabolic conversion to cysteine through the action of a peptidase. These data are consistent with the sulfate uptake rates, tested as a function of the sulfur source for growth, that are presented in Table 2 An unambiguous distinction between repression of permease synthesis and feedback inhibition of existing transport proteins cannot readily be made. In vivo inhibition of sulfate reduction enzyme activities by growth on S-containing amino acids (14, 27) cannot be assumed to be due to repression of specific protein synthesis, since the activity of such enzymes has been shown to be regulated in vitro by immediate end products of metabolism (6, 27) . For example, Anacystis possesses no transcriptional control for synthesis of homoserine-O-transsuccinylase, an enzyme of methionine biosynthesis (6) . Feedback inhibition by methionine in vitro explained the apparent repression observed in activity assays in cell-free extracts after growth on methionine; passage of the extract through a column to remove LMW material restored enzyme activity. Concentrations of intracellular metabolites can therefore be high enough to control enzyme activity in vivo through feedback inhibition. In addition, both repression of cystathionase synthesis in Escherichia coli by growth with methionine and feedback of catalytic activity in vitro by homocysteine have been demonstrated simultaneously (27) .
It is probable that feedback inhibition by cysteine is important in sulfate transport regulation in A. luteo-violaceus. This was suggested by the non-linearity of uptake when initial rates were greater than growth demands for sulfur and by the rapid inhibition of sulfate uptake in the presence of cysteine and glutathione, which also prevented expression of sulfate transport activity when used as the sole source of sulfur for growth. In both bacteria it is clear that the activity of enzymes catalyzing reactions in the opposite direction from normal cysteine and methionine biosynthetic pathways was sufficiently rate-limiting to prevent build-up of intracellular pools to levels adequate to exert metabolic control on sulfate uptake.
In contrast to regulatory differences, the kinetic characteristics of sulfate uptake in the marine bacteria, i.e., size-selective competitive inhibition by sulfate analogs (29, 34) , energy dependence (12, 15, 25, 29, 36) , and adherence to Michaelis-Menten kinetics, were very similar to those reported for terrestrial microorganisms.
The 5-to 10-fold lower affinity of the marine transport systems for sulfate was not surprising in view of the consistently saturating concentration experienced by marine bacteria in situ, although it suggests that selective pressure has been brought to bear on their nonmarine counterparts.
Thiosulfate was an extremely effective competitive inhibitor of sulfate uptake in P. halodurans, with a greater than 10-fold higher affinity for the reduced sulfur compound. The similarity of the Km for thiosulfate uptake (14.7 AM) to the K', for its inhibition of sulfate uptake (16.6 ,LM), the similar reponse of sulfate and thiosulfate uptake to inhibitors, and the coordinate regulation of sulfate and thiosulfate uptake by growth on various sulfur sources and sulfur starvation leave little doubt that the two compounds are transported by the same system. These data are consistent with genetic and nutritional studies of sulfate metabolism in Chlorella (11) and Salmonella (18) .
The much higher affinity of P. halodurans for thiosulfate concurs with the involvement of sulfhydryl groups in the transport mechanism, as demonstrated through inhibition bypara-hydroxymercuribenzoate (4a, 21, 33). A sulfhydryl group or disulfide bond would provide a site for covalent binding of thiosulfate through the sulfane moiety; such binding is not possible with the unreactive sulfate molecule and would increase the effective concentration of thiosulfate at the transport site. Combined with the identical response of sulfate and thiosulfate transport to the conditions examined in this paper, as well as the virtually unidirectional transport observed in this and other microorganisms (21, 32, 36) , the active transport model of Kaback and Barnes (17) is appealing. The absence of effective thiosulfate transport by A. luteo-violaceus is the subject of another communication (4a) .
The major regulatory difference between P. halodurans and A. luteo-violaceus was the reduction of sulfate transport capacity by growth using cysteine or glutathione in A. luteo-violaceus and its apparent rapid feedback inhibition of transport by these compounds. This organism produces an extracellular protease (9), especially during stationary phases, as evidenced by the rapid decline in transport rates and viability shortly after the cessation of protein synthesis during sulfur starvation. The potency of the protease was confirmed by addition of chloramphenicol to an exponentially growing culture; total protein decreased by 50% in 1 h, less than one-half a generation time. Frequent isolation of A. luteo-violaceus from surfaces such as Sargassum weed and fish skin suggests that it derives much of its nutrition from proteolysis, which would provide cysteine and methionine at relatively high concentrations compared to seawater.
It should be noted that A. luteo-violaceus was VOL. 147, 1981 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from chosen for study on the basis of its unusual nutritional characteristics and distinctive pigmentation and should not be taken as representative of marine bacteria. Unlike most marine bacteria, it can grow on very few organic carbon compounds, and it was the only one of 12 isolates which could not grow on thiosulfate as the sole source of sulfur.
It was stimulating to find that the kinetic characteristics of P. halodurans sulfate transport were virtually identical to those previously reported for the more extensively studied nonmarine microorganisms, in spite of the completely different regulatory mechanism. The predictability of sulfate uptake systems indicates that it may still be possible to use competitive inhibition of sulfate uptake by [3'S] thiosulfate as a means of lowering the isotope dilution barrier for studies of marine bacterial sulfur metabolism and protein synthesis.
The lack of sulfate transport system regulation by end products of sulfate metabolism in P. halodurans is both interesting and gratifying when we consider the use of sulfate metabolism as a measurement of marine bacterial growth. Sulfate transport is energy-requirng, and its reduction is even more so. If P. halodurans had been exposed to utilizable concentrations of Scontaining amino acids in its recent evolutionary history, it would be expected to take advantage of this by reducing the activity or synthesis of the enzymes of precursor metabolism. The concentrations of total dissolved amino acids in open-ocean seawater are very low (19) , but they increase in near-shore and estuarine envornments (4) , which are the habitat of P. halodurans (A. Rosenberg, Ph.D. thesis, University of New Hampshire, Durham, 1977) . Nonetheless, S-containing amino acids, when detectable at all, rarely rise above 5 x 10-8 M (4, 19) , scarcely a significant amount. This is largely due to the low to undetectable amounts of these compounds in microbial cells (30) and the consequent small input resulting from death and autolysis of marine organisms. Furthermore, the lag time and slow growth rate of P. halodurans when using end products of sulfate metabolism as sole sources of sulfur indicates a poorly developed capability to reverse the pathways of sulfate reduction and S-amino acid biosynthesis.
These observations strongly support the contention that inorganic sulfur, probably sulfate, is the only source of sulfur for marine microorganisms in aerobic waters. Constant, saturating sulfate concentrations and regulation of transport rates to meet but not exceed cellular growth requirements render it likely that sulfate transport and metabolism will provide an accurate measure of marine bacterial growth. Supporting studies on the intermediary metabolism of sulfate and its relation to de novo protein synthesis in P. halodurans and A. luteo-uiolaceus have been submitted elsewhere.
